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ABSTRACT

The length effect on fiber strength was studied for E-glass and 994 glass flbers.
These fibers were primarily from strands. Tensile test results confirmed the linear
log strength-log length relationship previously established and that fiber strength in-
creases with decreasing length, At short fiber lengths (below 0.5 cm), the strength-
length curve showed a change in slope due to the presence of mixed flaw popu-
lations, which were indicated in bi-modal failure distributions in the vicinity of the
slope change. This change in slope was not anticipated in an earl:er concept develop-
ed for failure prediction on the basis of the length effect. A tentative revised model
is suggested but must await confirmation by experiments with controlled fiber damage.

Some comparative tests on strand strength showed a strength reversal with
decreasing test length. The reversal could be related to the effect of fiber collima-

tion.

Comparison of fiber properties of the different glasses on the basis of strength,
weight, Young's modulus, surface damage, and fiber length showed that 994 fibers are
superior to E-glass by a factor of approximately 1,7 for longer fibers.
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FOREWORD

This Final Report covers the work performed under contract NONR 3654 (00)(X),
under the direction of J. A, Kies, U. S. Naval Research Laboratory, Washington,D.C.,
from 15 November 1961 to 25 November 1962. Principal investigator on this program
was G. K. Schmitz under the general guidance of John V. Long and A. G. Metcalfe.
Other Solar personnel contributing to this work were: A. R. Stetson (glass technology),
D. G. Clark and D, Roth.(laboratory work), John A. Bauer (theoretical analysis), and
R. M, Gardner (statistics).

The primary objectives of the program were the examination of the length effect
on strength properties of glass fibers based on the statistical analysis reported in NRL
5098, and the development of a scheme to determine the strongest fiber for particular
applications, A further objective was the systematic study of failure distributions at
different strength levels, and the effect of distribution variations on the strength-length
relationship.
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1. INTRODUCTION

The strength of glass fibers is considerably more than 500,000 psi, while the
strength of glass fiber reinforced plastics may be one-fifth of that amount., In-
vestigation to explain this difference in strength has revealed no satisfactory quan-
titative reason. Studies of glass-resin load transfer and the effect of incomplete
resin impregnation to determine a physical explanation have been only moderately
successful. The work discussed in this report was undertaken to study the behavior
of glass fibers and strands from a statistical point of view with less regard to the
exact physical form of the defects causing the loss of strength. It was believed that
once the statistical information on flaw distributions is available concerning the
elemental construction units of reinforced plastic, such as filaments and strands,
predictions might be mfde for typical fabricated parts.

Glass fibers a::i glass -reinforced plastics appear to behave as brittle mate-
rials. One of the most characteristic traits of brittle materials is the effect of
structural size on the fracture strength. To explain these effects, Griffith (Ref. 1)
introduced the concept that glass contains pre-existing flaws, so that the fracture
process is one of crack propagation rather than crack initiation. Weibull (Ref. 2)
extended this concept by reasoning that the flaws are randomly distributed through-
out the body and are of random severity. The "'weakest-link" approach was adopted
as a criterion of failure, or a brittle material fails when the stress at any one flaw

becomes larger than the ability of the surrounding material to resist the local stresses.

Applying the statistical laws of probability, Weibull assumed a reasonable distribution
function and derived the expression:

%

S =1-exp (-V( g )m>
S = probability of failure

where

g

applied stress
0, = upper limiting strength
V = volume of material

m = index of relative number of flaws
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This relationship is deficient because the applied stress must approach infin-
ity as the probability of failure approaches unity (or certain failure). Kies (Ref. 3)
suggested that a simple solution to this problem would be to choose the relationship

fo 5 Ou a)

§S=1-exp <'V (To-;—a—)

where o is the applied stress

o is the upper limiting strength

0 is the lower limiting strength
U (probably zero for glass)

a is the damage coefficient, equal to:

log (V)
0 —

u
log e )

where the variables o and V refer to the same
probability of failure.

Figure 1 shows the behavior expected based on this model.

Freshly drawn glass monofilaments can lose strength in many ways, Ex-
posure to certain atmospheres and mechanical handling are the principal means by
which strength is lost. Both of these means indicate strongly that the loss of strength
is related to events occurring on the surface. This contention is supported by obser-
vations (Ref. 4) from decoration techniques that typical flaw densities on glass fibers
are 102 to 103 per cmz, or flaws are 0.3 to 3 cm apart on fibers of 40 x 10_5 inch
diameter. Accordingly, the approach taken in this work has been to assume that the
statistical analysis should be on the basis of area rather than the more general
volume basis developed earlier from the Kies and Weibull analyses. In the case of
constant diameter fibers, a further generalization has been made in terms of length,
L, rather than area,

Table I summarizes the three principal statistical analyses that have been
applied to the data. Each system has its disadvantages. For example, the Gaussian
and Weibull distributions do not indicate certainty of failure until the stress approaches
infinity; and the Kies and Weibull distributions require the assumption or determina-
tion of an upper limiting strength. The second factor was the primary cause of the
decision to examine the fundamental Gaussian distribution.
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FIGURE 1. LENGTH EFFECT ON FIBER STRENGTH - SINGLE SURFACE FLAW
POPULATIONS (KIES MODEL)



TABLE 1

STATISTICAL ANALYSIS DATA

Parameter Distribution
Gaussian Weibull Kies

Probability S=1 -exp (-L a 2) S=1 -exp < -L({—)m> S=1 -exp (-L <_2_ )a)

function () o5 O
Strength o (o] g

function Jdo 050
Slope of log not applicable m a

strength -

log length

curve

Note: L = length

The experimental approach followed the general lines:

s Determine the strength of between 10 and 100 (generally 25 or
50) monofilaments for each gage length

e Analyze the data to determine the strength at 50 percent proba~

bility of failure, and to determine the best distribution or proba-~

bility function to fit the data

e Using the logarithm of the strength function for the appropriate
distribution, plot it against the logarithm of the length

The foregoing analysis permits information to be obtained on each of the follow-

ing points:

o Statistics that fit best the distribution of strength values at
any particular gage length

e Average strength (or strictly, strength at 50 percent probability

of failure) for any fiber tested at each specific gage length

¢ The existence of an upper limiting strength for each fiber

o The existence of a lower limiting strength for each fiber

¢ The damage coefficient of each fiber

¢ New flaw distributions

PUBIPSEY



II. EXPERIMENTAL WORK

The experimental program included tensile strength measurements on E-glass
and 994 glass fibers, both monofilaments and separated froin strands, and a limited
amount of comparative strand testing. All fibers were Owens -Corning products.
Fibers and strands investigated are listed in Table II. E -glass monofilaments were
also drawn from a single bushing at Solar in preparation for a study of fibers with
controlled surface damage. A trial drawing of 994 fibers was undertaken for the
same purpose.

2.1 TENSILE TEST APPARATUS

The test apparatus and associated equipment were described in Progress
Reports 2 and 3 (Ref. 5), The setup for short fiber tests is shown in Figure 2, in-
cluding the bi-filar Gaertner micrometer-microscope for observation of gage length
below 0.5 cm. Loads were read from a Daytronic 300B indicator and recorded on
a Varian or Servo/Rite strip chart recorder. The load sensing unit was an LVDT,
Schaevitz TD-3 with + 350 grams range.

The gripping-wax carriers were made from car cigarette lighters (1/2-inch
diameter), and were modified to permit testing of gage lengths as short as 0.025 cm.
Red sealing wax was used throughout most of the tests; however, a wax with better
gripping quality was used during the last test series. The melting temperature for
successful fiber submergence was approximately 200 F. Wax temperature was kept
as low as possible, especially in short fiber tests, to avoid the possibility of fiber

annealing,

2.2 FIBER SLIPPAGE

The fiber slippage problem was studied critically because of its importance
in short gage length tests, Two distinct types of fiber displacement were identified:
First, slippage due to large scale separation of fiber-wax interface. Second, dis-
placement due to yield of the wax surrounding the fiber,
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Evaluation of the slippage error showed it to be small (above 0.1 cm) for
fibers with finish. Uncoated fibers slipped much more severely, but length effect
investigations on such fibers were at that time not extended below 0.25 cm.

To eliminate the effect of slip completely, an optical method was developed
to observe if fracture occurred within the nominal gage length. A bi-filar microm-
eter-microscope was sighted on the fiber with the two filars spaced to the nominal
gage length, One filar was referenced to a marking on the fiber, such as a charac-
teristic spot on the finish. This reference was maintained throughout the test. To
be valid, failure must occur within the bi-filar range. In essence, the fiber outside
of this bi-filar range was regarded us an extension of the grips. DNetails of this
method are given in Report 5 of Reference 5. Since slippage is generally undesir-

able, other waxes were evaluated.

2.3 DIAMETER MEASUREMENTS

A Leitz microscope, model Labolux 7.4.5.30P48/81, with Leitz filar eyepiece
was used for diameter measurements., Light refraction effect was minimized by
submerging the fibers in methyl-phenol -ether (Anisole) having an index of refraction
of 1, 518,

Because of the importance of the diameier measurements on strength compu-
tation, a standard technique for read-out was developed. The fiber was focused éo
that a thin white halo was observed adjacent to the dark-line fiber edges. The filars
were set to barely bracket the fiber, The width of the filar was subtracted from the
reading to compensate for the offset of the filar center lines. The average read-out
error was 1 1 filar unit (one drum division) which is less than one percent of 112
units for a diameter of 40 x 102 inch.

Since it was frequently impossible to secure the fractured end of the fiber,
the following method was employed to determine the fiber diameter: The two fiber
ends extending beyond the gripping points were measured at two locations approxi-
mately 1/4 to 1/2 cm apart. Excess finish was stripped off before measurements.
The fiber diameter was then determined from an average of four readings. Meas-
urements of fractured ends, if available, proved the reliability of this method with
one exception: The X-994 strand fibers showed diameter deviations as large as



10 percent (as determined from a survey of four 24-cm long fibers). In this case,
the average cross-sectional area, derived from individual cross-sections of the

50 fibers tested for each gage length, was used for stress computation. This pro-
cedure was used in the X-994 Series I only. The shorter fibers in Series II had less
diameter deviations. Strand sections used for these two series were 40 feet apart
due to intermittently conducted strand tests which could also account for better

diameter consistency.

2.4 FIBER SEPARATION

The majority of fibers tested were separated from strands. The degree of
damage caused by this operation appeared difficult to assess. However, comparison
of fiber and strand tests indicated that such damage might have been insignificant,
The separation procedure was kept as constant as possible, and many trial separa-
tions wer s .. . prior to testing.

A typical separation of individual fibers for ten different test lengths proceed-
ed as follows:

e A three-foot long strand was cut from the spool

e A partial strand was separated containing sufficient fibers for
the sample size selected (Appendix B; Tables B-I, B-II).
Usually, fibers from the edge of the strand were used.

e The partial strand was cut into approximately 4-inch sections;
the sections were labelled consecutively in sequence of the
planned test lengths. The remaining portion of the strand was
marked for possible future use.

e  Each 4-inch long section was subdivided into three groups and
individual fibers were separated in rotating order.

To separate an individual fiber, one end of the bundle was taped to a support
extending a few inches from a black background., Separation began at the lower end
using a slender needle. Both fiber and remaining bundle were carefully taken between
fingertips and slowly pulled apart with as little force as possible. Separation con-
tinued in a somewhat jerky motion depending on the amount of finish, This constituted
the critical phase of the operation and great care was exercised not to exert large
forces or create sharp bending at the points of temporary arrest. Observations



during this procedure and microscopic examination led to the conclusion that the
finish connecting one fiber with another forms occasional '"bridges" which accounts
for the degree of resistance to separation. In general, separation was fairly easy
and uniform, and it is believed that finish-finish separation took place rather than
finish-glass.

2.5 TEST PROCEDURE

The test apparatus was calibrated by deadweight in the direction of the load
axis before and after each test series. Instrument sensitivity was selected for the
highest anticipated load to fall in the upper scale range. The average combined cali-
bration and read-out error in the middle and upper load range was * 1.5 percent,

In preparing the tensile test, the individual fiber was mounted on a fork and
then inserted into the molten wax. Care was taken to properly align the fiber in the
load axis to avoid detrimental bending effects from wax at the fiber exit. Preten-
sioning of short fibers due to wax contraction during cooling was compensated by
load reduction not exceeding zero load; i.e., no compressive bending took place.

The loading rate was adjusted to give fiber breaks within 20 to 60 seconds,
corresponding to a strain rate of approximately 0,06 fn/in. /min. This rate was
maintained throughout the tests. Fibers were observed during loading to locate the
point of failure, 1 Fiber breakage occurred away from the wax in approximately 90
percent of the tests, Strength of fibers failing at the wax showed no tendency towards
lower values which was attributed to careful alignment, These values were used ex-
cept for the first test series (E-glass) where omission was a matter of principle.

At gage lengths below 0.1 cm the rate of failure at the wax was high (20 to 50 percent)
during the first short-fiber test series (X-994 Series Il and S-994 {July 62)). These
failures showed lower strength values which were omitted at the time.

Occasionally, fibers failed in the wax at 0,25 cm and below, in which case
values were not used because of the unknown gage length. Some of the strength
values were in the upper 10 percent atrength range. This seemed to indicate (1) that
the fiber-wax junction is not a critical point if bending due to improper alignment is
avoided, and (2) that the annealing effect of the heated wax (approximately 200 F) is
negligible,

10ccaulonally, circumferential breakage of finish was observed preceding fiber fail-
ure at that location,

10



Test data such as load, environment, diameter, and visual observation re-
garding fracture location were recorded on prepared sheets.

2,6 STRAND TESTING

A horizontal Hounsfield tensiometer, ‘ype W, with a load range from 0 to 62
pounds was used for strand tests, The apparatus was equipped for direct load/cross=-
head movement plots.

Tensile test specimens were prepared in the following manner: Strands were
pretensioned slightly (10 grams at each end). Specimen ends were sandwiched be-
tween resin impregnated cloth, one inch by one inch, and cured at room temperature
for four days followed by one-half hour cure at 200 F, The same procedure was used
for resin-impregnated specimens.

For testing, tab surfaces were sanded with emery cloth for firm gripping in
self-gripping jaws. Slip tests, as well as frequent checks during actual testing,
showed that slippage was constant, approximately 0,016 inch, Strain rates varied
from 0,05 to 0.1 in, /in. /min. Failure normally occurred between 10 and 50 seconds.

2.7 FIBER DRAWING

E-glass fibers were drawn from Owens-Corning marbles through a single hole
Pt-10Rh bushing. Preliminary drawing from a one-inch deep bushing was unsatis-
factory. Improvements were achieved with a revised bushing, 1 inch square and 2-1/2
inches deep with a tapered bottom section and a wall thickness of 0.062 inch, The
nozzle of 0,125-inch OD and 0.062-inch orifice extended 1/8 inch below the bott&m.
The bushing was imbedded in a K-28 insulation brick lined with zirconia and Y-310
binder material for airtight sealing. Temperatures were measured at three locations:
in the melt, at the outer surface of the bottom of the bushing, and at the wall 1/2 inch
above the bottom. The latter was used as reference temperature.

Fiber sampling began after five minutes of drawing by manually breaking the
fiber between bushing and winding drum. The fiber was then mounted tension-free on
a three inch wide U-frame having ten serrations approximately one inch apart,

Three to four samples of the desired diameter (40 * 5 x 1078 inch) were
drawn before marbles were added to the bushing in order to maintain a constant

11



glass head. The frames were stored immediately in separate airtight compartments
each containing silica-gel for humidity control. Testing started after the first U-
frame had been prepared.

Trial drawing of fibers was made from the 994 glass formulation reported by
Owens ~Corning (Ref. 6). The glass was melted in a platinum crucible and monofila-
ments were drawn from the remelt at approximately 2850 F,

12



III, TEST RESULTS

3.1 DATA PROCESSING
The raw data from load and diameter read-out were processed by a computer
program to obtain the following information:
e Average Values

Strength, standard deviation, coefficient of variation,
third and fourth moment, and diameter.

e Individual Values

Load, diameter, ~ross-sectional areas, strength, Kies'
strength paramete -, and probability of failure.

3.2 DATA PRESENTATION

3.2.,1 Tabulated Data

Appendix B contains a summary of the average values obtained from E-glass
and 994 fiber tests, Also listed are the results from strand tests on both E-glass and
X-994 glass. Individual fiber-strength data and fiber diameters are listed in Appendix
C.

3.2.2 Graphs

Strength-Length Relationship

The strength-length relationship for both E-glass and 994 glass fibers is pre-
sented in the Weibull relation log (average strength) versus log length in Figures 3
and 4, and in the Kies relation, log (strength parameter) versus log length in Figures
5 and 6. Data from other sources are incorporated for comparison. Strand strength
versus length is shown in Figure 12, For comparison, data from fibers separated
from these strands are included.

13
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Failure Distributions

Gaussian fajlure distributions were used throughout the progress reports and

are not incorporated in this report except for the previously unpublished results on
$-994 (9/19/62). These results are given in Appendix A.

In addition to the Gaussian failure distributions, Weibull's and Kies' distri-
bution functions were used to investigate the occurrence of best straight line fit for
the three distribution functions used in this program,

Diameter Distributions

Most of the diameter distributions were published in previous progress re-
ports. Those not included, and the distributions from the S-994 (9/19/62) fibers,
are presented in Appendix A,

18



IV, DISCUSSION

This investigation was initiated to study the behavior of glass fibers and strands
from a statistical point of view, i.e., by means of failure distributions obtained from
strength measurements at various gage lengths. Analysis of the distribution curves
provides information that describes strength properties and behavior of fibers:

o The length effect on fiber strength

o The type of distribution typical for different fiber lengths
o Upper and lower strength limits

e Damage coefficient of fibers

o The relative strength of different glasses

In general, a plot of log (strength parameter) versus log length will give a
straight line for the Gaussian, Kies, and Weibull distributions. Table I gives the
values of the strength functions or parameters to be used for each distribution. The
slopes of these plots are related to the density and severity1 of surface defects. The
Weibull slope, m, has been defined as the index of the relative number of flaws,
and the Kies slope, a, has been defined as the damage coefficient. In both cases,
the actual values of these slopes depend on the units adopted for length (or area),
but the slopes provide a convenient basis for comparison of degrees of damage when
self-consistent units are used,

The problem of the upper limiting strength, gy in both the Kies and
Weibull analyses has been mentioned earlier, A clear and forthright definition of
oo 18 not possgible in terms of a physical model, such as theoretical strength
calculated from bond energies. Indeed, such a definition is not to be expected be-
cause the probability functions have been advanced to provide a reasonable approxi-
mation of the behavior of the materials and are not based on the properties of

1 The term severity describes the stress rise effect of a defect.
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glasses, However, in the case of the Kies function, it has been shown (Ref. 7) that
the upper limiting strength, ¢ 0! should approach twice the highest average
strength of short test lengths, Using this result, it has been assumed that the upper
limiting strength of E-glass is 1,100,000 psi and of 994 glass is 1,400,000 psi. In
general, results are relatively insensitive to the values adopted.

A logical basis for the development of this discussion would be to examine
the various probability functions first to determine the function that fits the experi-
mental data best. Once this function has been determined, the log (strength param-
eter) -log length curves could be plotted using the appropriate strength parameter.
However, the detection of a distinct break in the logarithmic (strength parameter)-
length plot showed that more than one flaw distribution might be involved. The un-
known effect of this break on the probability-strength plots made it mandatory to
examine the strength versus length plots first.

4,1 THE LENGTH EFFECT

Figures 3 and 4 show plots of the experimental data on E and 994 glasses.
The piots in the figures are against the average tensile strength on a logarithmic
scale, This fits the requirements of the distributions of Gauss (log & ) and
Weibull (log o/ 05 which represents a displacement of the stress axis by an amount
-log G, ), and avoids the assumption of any value of the upper limiting strength,
9, Figures 5 and 6 show essentially the same data in a diagramatic form against
the Kies strength parameter (log 3/ oz 7 ) using the values of the upper limiting

strength given earlier,

Figures 3 and 5 show that the logarithmic strength versus length plot is linear
for E-glass over the range of lengths studied. Included in these figures are data from
Otto1 and Thomas (Ref. 8) which show excellent agreement at 2.5 cm length, All of

- these results indicate higher strengths might be found at shorter lengths. Unfortunate-
ly, the test methods for shorter lengths were developed during the course of the study
of 994 fibers and were not available at the time of examination of E~glass. In view of
the planned study on E-glass in the virgin condition and after controlled amounts of
damage, it was felt unjustified to repeat and extend these observations beyond that study.

1 Private communication
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Figures 4 and 6 present the logarithmtc strength versus length plots for 994
fibers. Tests with these fibers extended to considerably shorter lengths than the
E-glass, and showed that a distinct change in the slope of the curve occurred at ap-
proximately 0.5 cm. Again a linear plot is obtained against bothlog & and log
G /ag 0 ) for both the longer lengths (above 0.5 cm) and for shorter lengths. By
analogy with the results for 994 fibers, a change in slope is postulated in the curve
for E-glass and is shown diagramatically in Figure 5.

Examining first the results for long test lengths (all E-glass results and data
above 0.5 cm for 994 glass), it is apparent that the slopes of the different curves
increase as the strength decreases. 1 Compare the positions and slopes of lines in
Figures 5 and 6. The highest strength (700,000 psi) for 994 glass reported by
Owens -Corning is for a single length so that no comparison is possible. The virgin
X-994 glass monofilaments, from U-frames examined by Solar, have average strengths
over 600,000 psi and an extremely shallow slope. These fibers had been exposed for
approximately two weeks in transit from Owens-Corning and this may account for the
loss of strength (Ref. 5, Report 4). By comparison, Otto's results on virgin E-glass
(Fig. 3) show a much steeper slope, similar to the Solar results for X-994 monofila-
ments supplied by Owens -Corning wound on a cardboard drum (Fig. 4). However,
the sharp upturn in strength of the latter at 0,25 cm and other ohservations suggest
that these results are peculiar to this particular sample of monofilament and should
not be considered as representing the general behavior pattern. The bulk of the data
on both E-glass and 994 glass fibers separated from strand show extremely consis-
tent behavior and this behavior has been represented by the full lines in Figures 5 and
6. In each case where departures occur, explanations have been found such as the
inconsistency of diameter on an early batch of S-994 production. The general conclu-
sion can be drawn that as fibers are damaged to an increasing extent (as indicated by
loss of strength) the slope of the logarithmic strength versus length curve increases.
In line with this general conclusion, the scatter of low strength data of the early 994

1 Actually, slopes are negative and the increase is from a low negative value toward
zero which follows from:

_ dlog (L
of (strength parametor)® This should be kept in mind during further discussion

of slopes.
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fibers, specifically from the July 62 strand, can be explained as resulting from
various levels of damage., The wide bands in Figure 6 represent two higher levels
of damage and contain many of the scattered points,

With the short 994 fibers, the behavior pattern repeata itself, i.e., the
strength again increases with shorter gage length, This increase is more distinct
in one curve (S-994) than in the other (X-994) and signifies two different degrees of
damage. Thus, the behavior characteristics of a material obeying the Gaussian,
Weibull, or Kies distribution of flaws are exhibited over two different ranges of
length., A sudden change in the damage coefficient appears to occur at some critical
length. A logical explanation is that the behavior at long lengths is governed by a
distribution of severe flaws separated by a distance averaging approximately that of
the fiber length at the break. This length is 0.5 cm for fibers separated from strand,
Cameron (Ref. 4) has shown that typical flaw densities on virgin glass detected by
decoration techniques are 0.3 to 3 cm apart, If these flaws are regarded to be cracks
having varying streas concentration effects, then the break in the logarithmic strength-
length curve corresponds to a change in the strength-governing defects from surface
cracks to some less severe defects. These less severe flaws, governing failure at
short fiber lengths, are not so readily identified. The severity must be low because
the strengths are high, and the flaw must be very closely spaced because of the small
influence of length changes.

In conclusion, E-glass and 994 glasses obey typical relationships for brittle
materials, such as:

S=1-exp (-Lf(o0))

where S is the probability of failure for a fiber length L and f is a function of the fail-
ure stress., The slope of the log (strength parameter)-log length curve determines

a . A change in slope of this curve for 994 glasses at 0.5 cm with observance of
this relationship at shorter lengths was taken to indicate that a new distribution of
flaws controls failure at short lengths, On the basis of Cameron's observations on
crack flaw density on fibers, it is tentatively suggested that surface cracks govern
the failure above 0.5 cm and a more subtle, unidentified flaw governs failure below
this length,
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4,2 FAILURE DISTRIBUTIONS

The observations of the length effect suggested that two flaw distributions were
present on the 994 glass fibers separated from strands., One was tentatively identified
as surface cracks on the basis of decoration technique results. These cracks have
wide separation ( ~ 0.5 cm). The other was identified as a very mild flaw closely
spaced, but the physical nature of the flaw was not identified. Further consideration
showed that at and near the critical length, failure may be controlled by either flaw
population. Hence, the probability plots might be expected to reveal the presence
of this bi-modal distribution of flaws.

The existence of bi-modal distributions can be readily detected in failure
probability plots by comparison with plots from single-mode distributions. Such a
comparison' is made in Figure 7. Single-mode distributions, indicated by straight
line plots, exist at either end of the length range, 0,05 and 1,5 cm. Distributions
in the transition zone of the change in slope are related to two types of flaws, A and
B. With decreasing fiber length, the contribution of flaw type B increases until it
governs the entire probability range.

Although the failure distributions indicate the existence of a mixed flaw popu-
lation, no direct information about the nature of each type of defect can be extracted,
One exception is the case of freshly drawn fibers where the slope change in the
strength-length curve (at the highest average strength level) must be caused by the
transition from surface to structural flaws, or more exactly, to weaknesses in
structural bonds .1 As far as the distributions shown in Figure 7 are concerned, the
flaw type B might be a surface flaw.

A number of 994 failure distributions near the change in slope have been
analyzed with respect to the flaw type ratio, A/B., Results are shown in Figure 8 in
terms of percent population B versus log length. The considerable scatter is due to
the small sample sizes involved and to the fact that this percentage ignores overlap
of types A and B on either side of the break in the distribution curves, and the attend-
ant possibility that a smooth transition exists rather than a sharp transition,

1 Experimental proof is expected from the forthcoming study on freshly drawn E-glass
monofilaments.
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A theoretical study has been made to express mathematically the bi-modal
failure distributions. Concepts and preliminary mathematical descriptions are pre-
sented in Report 5 of Reference 5. An abstract and results of some additional work
are given in Appendix D, The validity of these concepts will be tested by the pro-
grammed work with large sample sizes of Solar-drawn E-glass fibers subjected to
controlled damage.

The failure distributions in Figure 7 were plotted on Normal (Gaussian)
probability paper. The question whether Gaussian distributions provide *he best fit
led to a comparison of Gaussian with the Weibull and Kies distribution functions using
the 'best straight line fit'' as a criterion. Table III shows the occurrence of the best
fit among the three distribution functions. Where the fit was equally as good for
more than one distribution, each was scored in the Table. As far as the entire test
length range is concerned, the Gaussian distribution had approximately the same
number of successes as the Kies, but more of these successes were in the good and
good-to-fair fit classes. More significant is the fact that the majority of the best
fits for the Gaussian distribution occurred at lengths above 1.5 cm, particularly in
large sample sizes. At these test lengths, single flaw populations were mainly re-
sponsible for failure as evidenced by the constant log atrength-log length slopes. At
lengths shorter than 1.5 cm, mixed flaw populations were to be expected in conse-
quence of the change in the strength-length slopes, and the Gaussian distributions
should, therefore, be non-linear in this region. This is the case as demonstrated in
Figure 7. Because of this result, it appeared that the Gaussian distribution provided
the best method for analysing data to determine bi-modal distributions in the transi-
tion zone. However, the strengths at 50 percent probability of failure were nearly
the same for all distributions, The choice of Gaussian, Kies, or Weibull distribution
did therefore not affect the average strength value used in the strength-length plots,

Further analysis of distribution curves suggested a relationship between co-
efficient of variation, average fiber strength, test length, and surface conditions of
the fibers, Data concerning 994 fibers were reviewed in this respect, and coefficients of
variation were plotted in the strength-length graph (Fig. 9), at the location of their
respective strength values. The accompanying legend shows the coefficient ranges
selected, while the contour lines represent average values. Virgin fiber data and
the 0,025 cm Group A test point from S-994 (9/19/62) lie on the 5 percent contour
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line; all others are strand fiber data except for four data points from uncoated mono-
filaments from cardboard drum (flag on symbols). It can be seen that the coefficient
depends directly on the degree of damage and only indirectly on length, This depend-
ence may lead to relationships suitable for failure prediction at various confidence

levels. More experimental work is necessary to substantiate the trends established.

In summary, bi-modal failure distributions are associated with a distinct
slope change in the Gaussian failure distribution plots. Uniform Gaussian distribu-
tions occur relatively frequently at fiber lengths where single flaw populations are
expected, Average fiber strength values, which are used in the strength-length
plots, are somewhat independent of distribution functions. A tentative correlation
of coefficients of variation with fiber strength data suggests another method of data
analysis.

4,3 UPPER AND LOWER LIMITING STRENGTH

The upper limiting strength, o 0! and lower limiting strength, 0 , have
been used by Weibull and Kies to describe probability of failure functions, The up-
per limiting strength was derived empirically from slope extrapolations (Ref, 7) of
strength-length plots and was found to be twice the highest average strength. This
led to the expression 0 = 90/5 limit L => 0. In view of the importance of the
two limits for the theoretical treatment of failure distributions and for the Kies
strength parameter, /0 0" T , test results were analyzed with respect to
these two limits,

4,3.1 Upper Limiting Strength, 9,

There are several approaches to the analysis of the data to determine the
existence of an upper limiting strength. One of the simplest approaches is to con-
sider the condition at the change in slope of the strength-length plot (Fig. 4). For
the short-fiber behavior,

S, =1 - exp (-L1 (0 )m1>

1 ———

g0

and for the long-fiber behavior,

S, =1 - exp (-L2 (_;g_)mz)
" )
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where m, and m, are the slopes of the respective portions
of the curve, But the strengths are determined at a prob-
ability close to 50 percent so that S1 = Sz; hence,

Mg T h()

At the change in slope, L1 = L2 and 0= 0y

This equation is meaningless if the upper limiting strength values for both
short and long fibers are the same. To fit the experimental data, it is necessary to
assume different values of the upper limiting strength for each portion of the curve.
Consequently, it can be concluded that the upper limiting strength is essentially an
adjustable constant to fit the data to the assumed distribution.

In an attempt to determine the maximum strength that can be expected with
present glass fibers, the results of over 1000 tensile tests on 994 fibers were ex-
amined. Table IV summarizes the frequency of occurrence of strength levels above
700,000 psi. These point to a maximum strength of 800,000 psi for this fiber. Since
700,000 psi did not occur at test lengths greater than 0.5 cm (steep slope portion),
the actual number of tests involved is 660.

TABLE IV
FREQUENCY OF OCCURRENCE OF HIGH STRENGTH VALUES

Strength Number of
(ksi) Occurrences

800 to 780 1

779 to 760 2

759 to 740 1

739 to 720 3

719 to 700 17

Further information on maximum strength values at the various test lengths is contained
in Table XI of Appendix C.
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4,3,2 Lower Limiting Strength, o,

An attempt was made to determine whether a lower strength limit other than
zero is being approached as fiber length increases. For this purpose, slopes of the
distribution curves (Gaussian function) were extrapolated to 0.01 percent probability
of failurel. The respective strength values versus fiber length are plotted in Figure
10; scatter is due partly to small sample sizes, The expected trend towards lower
strength with increasing fiber length is apparent; however, data from the different
test series do not converge to a limiting value. The present assumption of zero
strength as a lower limit therefore remains valid.

The lowest strengths actually measured were 105,000 psi for E-glass (at a
probability of failure of 1 percent) and 94,000 psi (at a probability of failure of 2
percent) for 994 glass, A summary of minimum strength values for all tests on 994
glass is given in Table XI, of Appendix C and the frequency of occurrence of values
below 140,000 psi is listed in Table V. These strength data occurred at fiber
lengths between 3 and 30 cm.,

TABLE V

FREQUENCY OF OCCURRENCE OF LOW STRENGTH VALUES

Strength Number of
(ksi) Occurrences
994 E

80 to 99 1 0
100 to 119 2 3
120 to 139 2 8

4,4 MECHANICAL FIBER DAMAGE

Figure 11 presents the pattern of behavior expected for glass filbers. This
differs in minor aspects from the model presented by Kies (Fig. 1) because of the
finding that the fracture behavior is not controlled by a single population of flaws.

1 In case of bi-modal distributions, the lower tail end was extrapolated.
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The effect of increasing damage i8s to increase the slopes of the logarithmic strength-
length plot in both the short and long fiber lengths. In addition, the position of the
change in slope moves toward shorter fiber lengths as the damage increases.

One observation deserves notice. When the finish is abundant at the edges
of a strand, then fibers separated from the edge have strength values similar to or
higher than those from the center; but when the amount of finish is marginal, edge
fibers tend to have lower strength, These results suggest that the amount of
mechanical damage in handling depends on the amount of finish avaijlable to protect
the fiber. If sufficient finish is available for protection, the exposed edge fibers may
have higher strengths than the less exposed center fibers where finish is inadequate
for protection, This points to the need for better control of the distribution of finish .,
to protect the strand uniformly.

The Kies and Weibull damage coefficients have been determined for the two
populations of flaws (Fig. 11). Table VI gives these damage coefficients. Very high
values of the damage coefficient (indicating negligible damage) were observed with
virgin fibers, For example, extremely careful work by Thomas (Ref, 8) shows al-
most no variation with area of fibers and hence the damage coefficient approaches
infinityl. On the other hand, more typical values for virgin fibers show m and a
values approximately equal to 15 and 10 respectively.

For long fibers separated from strands, there is a remarkable constancy of
values for both E-glass and 994 glasses. This consistency might be expected from
the following analysis, At a length jl’ the flaw at 50 percent probability of failure
will have a stress concentration factor of kl‘ If the theoretical strength of the glass
is 0 hax’ then failure will occur at omax/kl’ Using the Weibull approach
for example, the slope m is given by,

_ A(og 2)
m- Aldog m

Substituting o by amax/k gives:

log £, -log L,

m:,-
log k2 - log 11

1 Thomas's data appear as a single point in Figure 3 because he used constant test
length and varied the diameter over a wide range from 25 to 60 x 10~5 inch.
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Hence, the slope is independent of the theoretical strength of the glass, but
is related to the variation in stress concentration factors of flaws with length. Ac-
cordingly, for the same damage, the same value of m {s expected for both E and
994 glasses. The constancy of values reflects the constancy of damaging factors in
the manufacture and handling of strands,

4.5 RELATIVE PROPERTIES OF GLASSES

Several factors influence the assessment of the relative merits of different
glasses, The foremost factor is the strength, but density, elastic modulus, and the
tendency to become damaged are also important,

Considering the strength first, data of the two glasses are listed in Table VII
for virgin fibers and fibers separated from strands, Each column contains values
for three different test lengths. The strength ratio, 9994/ V9E, is the quan-
tity desired for strength comparison,

TABLE VI

COMPARISON OF STRENGTH OF 994 AND E-GLASS

Virgin,m> 15 From Strand, m= 6,2 and 6.4
Length (cm)— 2,5 1.5 6 24
Strength of:
E 530 330 265 215
994 610 450! 365 300
Ratlo 7994/ og 1.14 1,36 1.38 1,39

1 Strength values from mean slopes of different test series.
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On the basis of strength, the 994 strand fibers are superior by a factor of
approximately 1.4, The strength ratio of virgin fibers is less reliable because very
few virgin 994 fibers were available for test.

Since strength is but one of the fiber properties, inclusion of elastic modulus,
E, and density, P, as descriptive factors was proposed by Kies, using the relation-

ship:
E
property factor, p = 2> °

E/p is a constant for a given glass and its value for both E and 994 glasses is:

E 994 Units
Elastic Modulus 10.5 x 108 12.2x16° | psi
Density 0.092 0.0875 1b/inch®
E/p 1.14 x 108 1.39 x 108 | inch

The ratio (E/p )994/(E/ P )E of the two glasses is 1,21,

Multiplication of the strength ratios, o 994/ a E in Table VII by 1,21 gives
the desired property ratios, ©994/ pE’ listed in Table VIII,

TABLE VIII

COMPARISON OF PROPERTIES OF 994 AND E-GLASS

Virgin,m > 15 From Strand, m = 6.2 and 6.4
Length (cm) 2.5 1.5 6 24
Poga/ P 1.39 1.64 1.67 1.69

The 994 fiber properties are more favorable on this basis than on strength alone,
It is interesting to compare the property ratio of strand fibers with the performance
increase of Polaris cases after introduction of 994 glass; this increase, based on burst
strength, was 1.5.
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The effect of damage on the relative properties of the two glasses is difficult
to assess because of the lack of short fiber E-glass data on strands, and lack of in-
formative 994 data from freshly drawn fibers. The property factor ratio, p 994/pE'
of the strand fibers is nearly constant over the length range available for com-
parison, This consistency is to be expected because the degree of damage, expressed
by the slope, m, is nearly the same for the two strands. This similarity is discus -
sed in Section 4.4. Consequently, if typical damage and resultant strength loss differ
for the two fibers, the property ratio would change with length; at some length, the
advantage of one fiber over the other would disappear. In terms of strength, this
point would be reached at a strength ratio %99 4/ Op = 0.82 which corresponds
with the property ratio, P994/ P, equal to unity.

In conclusion, the 994 fibers are superior to E-glass fibers by a factor ap-
proaching 1.4 if strength is considered, and nearly 1.7 if strength, elastic modulus,
and density are taken into account, Both values refer to strand fibers at gage lengths
larger than 1.5 cm. The respective factors appear to be lower for virgin fibers on
the basis of limited evidence; however, it is probable that values equal to those from
strand fibers may be reached, The advantage of 994 over E-glass would disappear at
a strength ratio of 0. 82 when the property ratio becomes unity. This might occur if
unfavorable slope changes result from change in damage characteristics of either
fiber; for instance, in the short fiber range which has not yet been explored for E-glass,

4,6 EFFECT OF SAMPLE SIZE ON AVERAGE STRENGTH

Most of the average fiber strength data were obtained from sample sizes of
approximately 25 fibers, which is generally considered to be sufficient for reliable
average strength values. Since sample sizes of 50 were used in some tests, a con-
venient means of checking the reliability of smaller groups was available. These
larger samples were divided into two groups: Group A - fibers 1 through 25 (in
order of separation), and Group B - fibers 26 through 50. Average strength was
calculated for each group and then compared with the average of the total. Table IX
shows the results of this investigation. The differences are small with the unexplained
exception of the 6-cm data. Furthermore, there is no preference of one group over
the other. Fiber separation, described in Section 2. 4, did not introduce progressive
damage as separation proceeded,
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TABLE IX

EFFECT OF SAMPLE LIFE ON AVERAGE S TRENGTH

Test _
Length ) Difference
Fiber (cm) Group (ksi) %) Remarks
X-994, 0.75 A 462
Series 1 B 447 +1.7
A+B 455 = b
1.5 A 450
B 419
A+B 435 3.7
3 A 380
B 396 N
A+B 388 ¥1.2
6 A 382
B 310
A+B 346 % 10.2
12 A 323
B 292
A+B 310 +5.8
24 A 324
B 327 _
A+B 325 #0.5
$-994, 0.5 A 542
(9/19/62) B 511 £3.0 Undulated
A+B 526 . -
0.5 A 485
B 499 Straight
A+B 491 1.4

Note: Group A = Fibers 1 - 25 (in order of separation)
B = Fibers 26 - 50
A + B = Fibers 1 - 50




4.7 LENGTH EFFECT ON STRAND STRENGTH

To provide a link between the strength of single fibers and strands, an investi-
gation of the length effect was extended to strands of the same batch from which fibers
were separated for single fiber tests. A limited number of tests was conducted. Re-
sults are therefore considered to be preliminary, although some definite trends were
established.

Data obtained from resin-free and resin -impregnated strands are listed in
Table III of Appendix B, and are plotted in Figure 12.

The strength reversal at shorter gage lengths in the 994 plot led to a close
examination of the load-elongation curves and it was found that poor fiber collimation
was the cause. Relations could be established between progressive loading of poorly
collimated fibers and elongation of the entire strand (Fig. 13). This has been dis-
cussed in Report 4 of Reference 5. It i8 obvious that different results will be obtain-
ed with strands having different fiber collimation and/or with change of pre-tension
as was the case with the Owens -Corning strand tests., The observed length effect on
strand strength should contribute to failure analysis of filament-wound pressure
vessels, particularly where decoupling or separation of short strand length is likely
to occur in the initial phase of rupture.

Divergent opinions exist over the question whether the average strength values
from single-fiber tests can be compared with those from strand tests on the basis of
equal gage length., In essence, the argument is whether the total glass length of the
strand (i.e., of the 204 fibers) or the nominal gage length must be used in strength-
length plots, Examination of the strand strength-length plots (Fig. 12) shows that
resin-free strand strength is equal to the average (single) fiber strength in the case
of X-994 glass at test lengths where the collimation effect is small. If the total fiber
length of the 204 fiber strand were to be used, the measured strengths would have to
be plotted more than two decades to the right, at approximately 2000 cm. It can be
concluded that the basis of comparison for 994 glass must be gage length. On the
other hand, the lower strand strength of Solar's tests on E-glass was due to a severe
fiber collimation. Owens-Corning's data for 20 -end ro;rings are plotted in Figure 12
and fall close to the single fiber curve determined at Solar. If total glass fiber length
were the basis of comparison, the Owens -Corning's data would have to be plotted four
decades to the right (400 meters total length),
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AVERAGE TENSILE STRENGTH, (ksi)
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FIGURE 12, LENGTH EFFECT ON BREAKING STRENGTH OF STRANDS WITH AND
WITHOUT RESIN
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FIBERS ALIGN UNDER STRESS,
SOME FIBERS BREAK

ALL FIBERS LOADED
SIMULTANEOUSLY (IDEAL)

S =p LOAD

HIGHLY STRESSED FIBERS
BEGIN TO BREAK.
PROGRESSIVE FAILURE

REMAINING FIBERS ALIGNED

BUT UNDER DIFFERENT
STRESSES

STRAIN

FIGURE 13. DEGRADING EFFECT OF POOR FIBER COLLIMATION
ON STRAND STRENGTH
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In conclusion, it has been shown that length effects exist for strands as well
as for fibers. At short-strand lengths, a new effect appears related to the degree of
collimation. At long-strand lengths, the effect is similar to that on fibers so that
strengths match when each is tested at the same gage length.
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V. CONCLUSIONS

The effect of length on fiber strength was demonstrated in tensile
tests of monofilaments, strands, and individual fibers from strands.

Experimental data showed that more than one type of defect con~
trols the strength of glass fibers.

Two distributions of defects were apparent from failure distribution
plots, and caused a change in the strength-length slope.

An analytical method was devised to assess the bi-modal failure
distributions and to relate these distributions to the change in the
strength-length slope.

A physical model has been proposed to incorporate these findings.
A method was developed to determine the relative strength of dif-

ferent glasses on the basis of strength, weight, Young's modulus,
degree of fiber damage, and length of fibers,



VI. RECOMMENDATIONS

The strength-length relationships presented are insufficient to extract a pat-
tern of general validity. The primary reason is that no control has been possible on
the degree of damage of fibers received from commercial vendors or directly from
the manufacturer. Furthermore, it was not known whether the virgin fiber strength
of fibers from the same glass had been the same.

A series of experiments are recommended in order to fully describe the
strength properties of E and 994 glass fibers, Three degrees of damage should be
investigated: as drawn, and two degrees of mechanical damage that must be control -
lable and reproducible. It is essential that the average virgin strength of all fibers
be approximately the same in the freshly drawn condition. This condition presents
a formidable task since large sample sizes are required for each length tested to
secure sufficiently accurate failure distributions, The drawing of E-glass fibers at
Solar during the contract period was in preparation for such a program. Drawing
of 994 fibers has been accomplished and will be necessary unless a sufficient amount
of suitable 994 fibers can be obtained from Owens -Corning.

It is further recommended that the experimental work be supplemented by:

e statistical analysis of fiber strength data

o development of mathematical relationships between flaw density
and length

e surface studies to identify surface flaws using techniques such
as decoration

e structural studies to identify structural defects by means of low-
angle X-ray diffraction

Information thus obtained should lead to a reliable strength-length model. It
is recommended that fibers from different sources be checked against this model by
a number of selected tests. Comparative results are then an indication for fiber
quality.
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The demonstration of the effects of length on fiber strength remains of limited
value unless related to the end product, the composite structure. It is therefore
recommended that the length effect study be extended to strands and suitable com~
posite test specimens; of particular interest are the effects of fiber collimation and
resin impregnation on surface damage. A further recommendation is concerned with
the problem of interfacial fiber-resin separation under actual load conditions.
Knowledge of the de-bonded gage length then ties in with length effect studies on
single fibers, Failure prediction will thus become more reliable.
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Fibers from an S$-994 strand drawn on 9/19/62 were investigated. A three-
foot long partial strand of approximately 45 fibers was separated and cut according
to individual test lengths, This partial strand was taken from the center and not,
as previously, from the edge of the strand for reasons given below. The length
range was the same as in previous tests, 0,025 to 6 cm.

Results from the S-994 (9/19/62) tests are listed in Table A-1 and plotted in
Figure A-1, log strength versus log length, The small amount of scatter allows a
reliable strength-length curve to be drawn, The definite slope in the short gage
length region suggests a flaw mechanism different from X-994.

An additional 0,025-cm point was obtained with different fibers from another
location on this strand. This sample was comprised of 15 fibers from the edge
(Group A) and 10 fibers more nearly from the center of the strand (Group B). Edge
fibers were distinctly larger (39 to 45 x 1072 inch) than the center fibers (35 x 10™°
inch), The edge fiber strength was 14 percent higher than the center fiber strength
(Table A-1). It is believed that fiber strength was preserved by what appeared to be
an excess amount of the coupling agent assuming approximately equal strength of the
virgin fiberl. Fiber separation was more difficult. This effect in conjunction with
the larger diameters, led originally to the choice of center fibers for the strength-
length investigation of this strand,

Diameter distributions (Fig. A-2) are given for comparison with previous
tests; namely, S-994 (July '62) in Report 5 of Reference 5, X-994 Series II in Figure
A-3, and X-994 Monofilament in Figure A-4, Likewise, failure distributions plotted
on normal probability paper are shown in Figure A-5,

Periodic undulations of part of this strand led to strength measurements on
fibers from such a strand section. The most severe undulation, shown in Figure
A-6, was selected and strength was compared with a straight strand section. The
respective diameter distributions are given in Figure A-7, and failure distributions

1 In Solar Report 4 (Ref. 5), it was recorded that Owens -Corning had found a 3 per-
cent strength variation across a strand.
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Fibers from an S-994 strand drawn on 9/19/62 were investigated. A three-
foot long partial strand of approximately 45 fibers was separated and cut according
to individual test lengths, This partial strand was taken from the center and not,
as previously, from the edge of the strand for reasons given below. The length
range was the same as in previous tests, 0,025 to 6 cm.

Results from the S-994 (9/19/62) tests are listed in Table A-1 and plotted in
Figure A-1, log strength versus log length, The small amount of scatter allows a
reliable strength-length curve to be drawn. The definite slope in the short gage
length region suggests a flaw mechanism different from X-994,

An additional 0.025-cm point was obtained with different fibers from another
location on this strand. This sample was comprised of 15 fibers from the edge
(Group A) and 10 fibers more nearly from the center of the strand (Group B). Edge
fibers were distinctly larger (39 to 45 x 10™ inch) than the center fibers (35 x 10™°
inch). The edge fiber strength was 14 percent higher than the center fiber strength
(Table A-1), It is believed that fiber strength was preserved by what appeared to be
an excess amount of the coupling agent assuming approximately equal strength of the
virgin fiberl. Fiber separation was more difficult, This effect in conjunction with
the larger diameters, led originally to the choice of center fibers for the strength-
length investigation of this strand.

Diameter distributions (Fig, A-~2) are given for comparison with previous
tests; namely, S-994 (July '62) in Report 5 of Reference 5, X-994 Series II in Figure
A-3, and X-994 Monofilament in Figure A~4. Likewise, failure distributions plotted
on normal probability paper are shown in Figure A-5,

Periodic undulations of part of this strand led to strength measurements on
fibers from such a strand section. The most severe undulation, shown in Figure
A-6, was selected and strength was compared with a straight strand section. The
respective diameter distributions are given in Figure A-7, and failure distributions

! In Solar Report 4 (Ref. 5), it was recorded that Owens ~Corning had found a 3 per-
cent strength variation across a atrand,
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TABLE A-I

TEST DATA SUMMARY

S-994 (9/19/62), DRUM 1

Standard Coefficient Number
L L _% 5 Deviation  of Variation of Environments
(cm) dn) 11077 n.) (ksi) (ksi) (%) Samples | (F) (%ﬂ
0.025 0.01 38.0 597 76.4 12,8 23 76 48
0.05 0.02 38.5 579 70.0 12,1 25 78 40
.1 0.04 36.8 572 85.0 14.8 25 76 44
0.25 0.1 38.0 526 92.8 17,7 25 76 52
0.5 0.2 38.8 533 98.4 18.5 25 74 50
0.75 0.3 38 2 404 101.6 25,1 25 74 50
1.0 0.4 38.9 463 116.3 25.1 25 74 50
1.5 0.59 37.1 452 134.7 29.8 25 76 48
3 1.18 38.6 408 125.8 30.8 25 16 65
6 2.36 36.9 364 90.3 29.8 25 76 48
Total 0.025] 0.01 41.3 598 71.3 11.5 25 T4 45
Group A 43.8 633 36.9 5.8 15
Group B 37.8 545 77.4 14.2 10
1 Different part of strand.
TABLE A-II

UNDULATED SECTION VERSUS STRAIGHT STRAND SECTION

(cm)

Undulated 0.5
Straight 0.5

L
(in.)

0.2
0.2

D
(10-5 1n,)
39,2
38.2

_ Standard Coefficlent | Number
c Deviation of Variation of
(kaf) (ks1) (%) Samples
526 100.5 18.1 50
491 76.9 15.6 50

Environments
(F) (%RH)
76 48
74 50
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FIGURE A-2, DIAMETER DISTRIBUTIONS OF DIFFERENT TEST LENGTHS FROM
PARTIAL STRAND S-994 (9/19/62)
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FIGURE A-3, DIAMETER DISTRIBUTIONS OF DIFFERENT TEST LENGTHS
FROM X-994, SERIES II

A-5



A-6

AVERAGE 42.6 TEST LENGTH

-

10
0.25 cm
30 o 50
10 40.5
[’-I 0.5 cm
-
10 42.0
1.5¢cm
10 42,5
”-[I-I 12 cm
30 40 50

FIBER DIA (10 -5 in.,)

FIGURE A-4. DIAMETER DISTRIBUTIONS OF DIFFERENT TEST LENGTHS
FROM X-994 MONOFILAMENT




FIBER STRENGTH (ksi;

o1 400 500 800 700 300 400 50C
-r f T T T T T 1 F T T T T
o 0.05cm 0.25
1
- L] . L] . L]
r S . . .
10 b [} . . .
g o ° *  0.05cm . . 0.25
§ . ° . [ ] L)
[ 1 o . ° .
=~ d -] . . .
w 3 * o . . .
3 * o . . .
3 * o . . .
z r * 0 . .
L] * *
b 50— 80 Qe Oe
g 8 . .
- 0.025 cm & . 0.1cm '
4 - . .
a3 - ] [ ] L]
F o ® L] L)
L]
= L ° s . .
a o . .
’% % . [
9 |- o* . .
o . L]
o IO DIFFERENT STRAND SECTION [- Y L) 3
99 - .
- 0.025 em 0.1om
99.9 1 i 1 1 Il 1 1 )| ! 1 1 i | 1 | | J
300 400 500 600 700 300 400 500 600 T0

FIBER STRENGTH (ksi)

FIGURE A-5. FAILL
FROM




FIBER STRENGTH (ksi)

FIBER STRENGTH (kal)

FIGURE A-5.

500 800 100 300 400 500 6800 700
T T T | A (o T T T T T T T — —0°!
0.05 cm 0.25cm b
E
L B
. . .
. . . 4
. O ] -410
® 0.05cm . . 0.25 cm g
. . :
. . . 1 -4
. 3 . . =
. . . . W
. . . . =
(] . . [} =2
. . . . 2
. 0 . . <
O Oe O » [ —1{50 =~
. . . o ™
. 0.1cm * '. 0.5 cm . 4 o
L] . . . t
R . ) . . { 3
. . =
L] a
s ° ° £
° . . .
%o . . . g
o* . . . - 90
o . . [}
4
o o . . . o4
4 29
0.1em 0.5em
1] - | | 1 1 | | J 1 1 ! i 1 99.9
700 300 400 500 600 700 300 400 500 800 700

FAILURE FREQUENCY DISTRIBUTIONS OF FIBERS SEPARATED

FROM S-994 (9/19/62) STRAND

A-7



FIBER STRENGTH (ksi)

300 400 500 00 700 200 300
0.1 p=

- 1.0em

10 = . . L] [

. i.0em

L] L]
L 0.75 cm . . LSem ¢

PROBABILITY OF FAILURE (percent)
°**
.

90 P . . . : ]

29 -

9.9 ] 1 1 ! I 1 I J | 1 { 1 1 ) I 1 ! 1
200 300 400 500 600 200 300 400 500 600 700

FIBER STRENGTH (ki)

FIGURE A-5. FAILURE Fi
FROM §-994




FIBER STRENGTH (ksl)

T T T T ] | — T T T T T 1 =10t
Locem 3em 4
-11
. . L] 4
. . .
. . . - 10
L] L] . k-3
. . b g
. . . T 2
) em L] . 3cm . -3
. . 4
¢ - . . o
. L] 3 g
. . ' =
. ] . 2
O o O o Oe -1 50 i
. - * e
L Lsem ¢ ® . s tcm - ©
. . . . o)
. . . . ]
. . . . =
. . . . 2
L . . . [
. O . . E
. . L] . —{90
. . A4 .
L] . . . ° g
—199
i.5em 6cm ]
| L | | 1 1 ! 1. 1 1 J I L - 1 | i 1 i i 9.9
600 200 300 400 500 600 700 200 300 400 500

FIBER STRENGTH (kai)

FIGURE A-5. FAILURE FREQUENCY DISTRIBUTIONS OF FIBERS SEPARATED
FROM §-994 (9/19/62) STRAND




r=0.36 cmd

FIGURE A-6.
UNDULATIONS OF S-994
TEST (9/19/62) STRAND
LENGTH DELIVERED ON
0.5 cm CARDBOARD DRUM (20X)
10 V. 39.2
’J—JL UNDULATED
n oo
ps " FIGURE A-7.
5 .
& DIAMETER DISTRIBUTIONS
B OF TWO STRAND SECTIONS
| FROM S-994 (9/19/62)
E 10
STRAIGHT
‘ On n

30 60

FIBER DIA (10‘5 in.) A-9



0.1
+ UNDULATED
¢ STRAIGHT
'T 07
+ .
+ .
* «+
o+
104+ -
+e
= ﬁ %
g .+
é’ 4.,
& *y
-+
2 §° 1 +
5 Y
— t
< 50 4+ e
: L
L]
S % N
> e ;
f . +
3 s t
E [} +
< * p
23] . +
g | H +
L +
A 90 o +
. +
95+ Y +
. +
99 ¢+ . +
99,9 + — + + |
300 400 500 600 700

FIBER STRENGTH (ksi)

FIGURE A-8. FAILURE FREQUENCY DISTRIBUTIONS OF FIBERS FROM UNDULATED
AND STRAIGHT 8-994 (9-19-62) STRAND

A-10




are plotted in Figure A-8, The undulation did not affect the fiber strength; in fact,
the undulated section showed a 7 percent higher average (Table A-II) which lies,
however, within strand strength scatter,

An interesting observation was made during short fiber tests on 994 fibers
from strands. The organic binder (195) occasionally broke in a circumferential
manner. As loading proceeded, the gap widened and the fiber usually failed within
this gap. The process was most apparent on the excess coupling agent. Whether
the chemical binder-glass interface was the site of separation could not be establish-
ed,

A number of different gripping waxes were investigated. Most promising
results were obtained with wax No, 3066 from Hi-Test Chemical Corporation,

722 - 64th Street, Brooklyn 20, New York. Slippage at short gage lengths (below
0.25 cm) of fibers separated from strand was reduced considerably. Slippage of
uncoated fibers still remains a problem at gage lengths less than 1 cm although
some improvement was achieved with the 3066,

In conclusion, average fiber strength fell within the X-994 envelope; the
0.025 cm point (not measured for X-994) is slightly higher. Undulation of strands
of the magnitude observed does not seem to adversely affect fiber strength. There
is indication that the amount of coupling agent plays a role in fiber strength preser-
vation, Circumferential breakage of binder during tensile loading of fibers seems
to cause fiber failure at that location.
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APPENDIX B

SUMMARY OF AVERAGE STRENGTH DATA FROM FIBERS AND STRANDS

Table
B-1 E-Glass Test Data Summary
B-II 994 Glass Test Data Summary

B-III X-994 and E-Glass Strand Test Data Summary
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APPENDIX C

INDIVIDUAL FIBER STRENGTH DATA

E-Glass, Series I, II, 1 and II, 2

X-994, Series 1

X-994, Series II

X-994, Uncoated Monofilaments from Cardboard Drum
X-994, Virgin (U-Frames)

X-994 HTS, E-Glass HTS, U-Frames

$-994 (July 62)

S$-994 (July 62) Long Fiber Strength Survey

$-994 (9/19/62)

$-994 (9/19/62) Undulated and Straight Section

Maximum and Minimum Fiber Strength at Different Test Lengths



TABLE C-I
E-GLASS, SERIES I, II, 1 ANDII, 2
INDIVIDUAL FIBER STRENGTH DATA, o (ksi); AVERAGE DIAMETER,

Series 1 Series II, 1
1.5cm| 6cm 24 cm 1.5cm | 3em 6cm 12cm | 24 cm
o o I'd o g o a (4

1 197 224 126 1 175 204 105 145 146 1
2 224 231 141 2 204 204 131 145 158 2
3 281 231 155 3 204 204 146 175 160 3
4 281 240 169 4 204 212 155 175 163 4
5 281 240 169 5 204 233 158 182 172 5
6 288 267 175 6 219 233 163 182 172 6
7 288 267 180 7 219 233 163 196 183 7
8 288 267 196 8 233 233 166 196 183 8
9 308 267 196 9 233 233 166 204 183 9
10 308 274 196 10 233 233 180 204 186 10
11 308 274 203 11 233 233 180 204 186 11
12 329 274 210 12 233 233 183 204 186 12
13 345 281 217 13 240 247 183 204 189 13
14 365 281 217 14 247 247 183 204 192 14
15 372 295 224 15 254 254 204 204 197 15
16 379 295 246 16 254 263 204 212 200 16
17 386 208 246 17 254 263 204 212 200 17
18 386 210 253 18 254 263 204 226 200 18
19 393 310 253 19 263 263 213 226 216 19
20 393 315 274 20 277 263 213 226 216 20
21 399 315 274 21 284 263 224 226 222 21
22 422 315 274 22 284 263 224 226 222 22
23 442 337 274 23 284. 263 224 226 222 23
24 443 337 274 24 291 277 227 233 222 24
25 456 344 287 25 291 2717 227 238 222 25
26 291 284 227 233 222 26
27 298 284 227 233 227 27
28 298 284 230 233 227 28
29 298 291 239 233 230 29
30 312 291 241 240 230 30
31 312 291 247 240 233 31
32 321 291 2417 240 239 32
33 321 291 256 240 241 33

34 321 291 280 240 250

35 321 291 263 247 250

36 321 291 263 2417 250

37 335 291 263 247 250

38 335 298 268 254 253

39 342 312 268 254 258

40 349 312 271 263 263

41 349 321 2177 263 263

42 364 321 283 270 263

43 364 321 285 277 266

4 371 321 285 277 266

45 379 328 291 277 27

46 379 328 291 284 217

47 379 335 297 298 285

48 379 342 305 321 341

49 379 349 314 321 346

50 393 379 314 327 346




E-GLASS, SERIES I, II, 1 ANDII, 2

TABLE C-I

INDIVIDUAL FIBER STRENGTH DATA, o (ksi); AVERAGE DIAMETER, D-37x 10.5 in.

Series 1 Series I, 1
cm| 6em 24 cm 1,6em | 3em 6 cm 12cm | 24 cm
r [ g 4 o o o o
7 224 126 1 175 204 105 145 146
: 231 141 2 204 204 131 145 158
1 231 155 3 204 204 146 175 160
1 240 169 4 204 212 155 175 163
1 240 169 5 204 233 158 182 172
8 267 175 6 219 233 163 182 172
8 267 190 7 219 233 163 196 183
8 267 196 8 233 233 166 196 183
8 267 196 9 233 233 166 204 183
8 274 196 10 233 233 180 204 186
8 274 203 11 233 233 180 204 186
: 274 210 12 233 233 183 204 186
5 281 217 13 240 247 183 204 189
5 281 217 14 247 247 183 204 192
2 295 224 15 254 254 204 204 197
9 295 246 16 254 263 204 212 200
6 208 246 17 254 263 204 212 200
6 210 253 18 254 263 204 226 200
3 310 253 19 263 263 213 226 216
3 315 274 20 277 263 213 226 216
9 315 274 21 284 263 224 226 222
: 315 274 22 284 263 224 226 222
2 337 274 23 284 263 224 226 222
3 337 274 24 291 277 227 233 222
6 344 287 28 291 277 227 233 222
26 291 284 227 233 222
27 298 284 227 233 227
28 298 284 230 233 227
29 298 291 239 233 230
30 312 291 241 240 230
31 312 291 247 240 233
32 321 291 247 240 239
33 321 291 256 240 241
34 321 291 260 240 250
35 321 291 263 247 250
36 321 291 263 247 250
37 335 291 263 247 250
38 335 298 268 254 253
39 342 312 268 254 258
40 349 312 271 263 263
41 349 321 277 263 263
42 364 321 283 270 263
43 364 321 285 277 266
44 371 321 285 271 266
45 379 328 291 2717 271
46 379 328 291 284 217
47 379 335 297 298 285
48 379 342 305 321 341
49 379 349 314 321 346
50 393 379 314 327 346

Series II. 2
i.5¢m | 6cm 12¢em | 24 em 30 cm
(74 g g [ (-4

1 239 170 158 108 119
2 263 185 170 128 128
3 271 206 175 133 135
4 280 222 175 141 146
5 280 222 183 142 153
6 288 222 185 155 155
7 290 229 185 159 155
8 292 239 195 166 156
9 298 244 203 170 159
10 301 253 206 175 160
11 311 260 207 179 160
12 Fiz 273 209 183 160
13 312 274 210 185 166
14 314 275 217 186 168
15 320 278 222 190 168
16 328 281 236 192 169
17 334 281 237 199 168
18 341 288 246 200 172
19 348 290 251 200 176
20 355 291 253 216 178
21 356 305 256 222 179
22 359 310 258 224 185
23 362 316 258 224 193
24 385 312 263 226 193
25 419 314 263 233 197
26 419 325 266 234 -
27 433 335 273 258

28 444 337 304 278

29 479 355 308 287

30 - - 312 -

31 312

32 315

33 317




INDIVIDUAL FIBER STRENGTH DATA,

TABLE C-II

X-994, SERIES 1

o (ksi);
A (107% in.?) AVERAGE CROSS-SECTIONAL AREA

A = 0.144 0.147 0,149 0.138 0.138 0.138 Re-run
Fiber No, 0.75 cm 1.5cm 3cm 6 cm 12 cm 24cm 24 cm
o a o o o o o

1 294 608 345 473 343 359 110
2 385 458 357 391 359 462 187
3 449 380 274 151 467 272 260
4 483 336 387 349 346 349 266
5 497 563 227 380 371 123 280
6 544 629 452 447 304 344 323
7 452 458 409 223 417 422 340
8 421 333 480 363 262 275 341
9 448 279 392 538 232 342 343

10 581 537 444 580 294 373 346

11 526 542 430 377 339 348 356

12 556 511 232 496 346 375 357

13 452 518 426 503 291 447 374

14 332 401 438 342 294 385 374

15 821 429 395 286 192 320 401

16 399 565 367 396 538 272 412

17 399 568 317 414 327 323 421

18 531 468 473 317 141 275 434

19 487 408 395 343 183 151 445

20 641 399 292 219 314 396 450

21 462 372 301 580 215 247 456

22 392 458 310 441 416 319 461

23 400 505 438 296 518 406 471

24 556 386 445 293 257 216 491

25 325 250 486 357 295 288 525

26 406 501 671 439 234 343

27 319 221 367 238 317 404

28 527 544 501 299 351 293

29 625 372 351 367 278 401

30 556 279 1786 489 351 295

31 420 269 381 501 397 514

32 676 420 480 356 174 391

33 406 501 480 126 378 355

34 406 415 501 308 282 317

35 323 673 405 224 320 299

36 182 322 120 293 327 328

37 194 430 515 328 274 385

38 337 405 409 251 175 308

39 556 448 493 341 192 201

40 467 445 295 263 324 265

41 299 501 544 224 250 257

42 542 329 342 165 330 396

43 533 422 119 313 327 364

44 580 358 233 342 - 436

45 474 401 444 293 - 257

46 399 437 444 251 - 144

47 528 408 497 158 - 370

48 458 444 399 349 - 337

49 384 437 438 475 - 226

50 583 494 283 364 - 288




Individual Fiber Strength Data, ¢ (ksi); Diameter, D(10™ in.)

TABLE C-III

X-994, Series I

0.05¢cm 0.1 cm 0.25cm 0.75cm 1.5cm 3cm
Fiber
No. a D a D o D a D o D o D
1 581* 41.4 613 41,1 568 41.8 491 43.6 433 41.4 432 40.0
2 680 41.4 530 41.1 499 42,9 3711 40,7 434 42,5 415 41.8
3 502* 40,7 616 42.9 526 42.5 518 40,0 472 41.4 396 36.8
4 547 40.4 663 38.2 431 41.8 483 41.1 514 41.4 449 41.4
5 544* 39.6 593 43.1 486 37.9 644 40.4 472 37.9 472 41.4
6 632 40.4 660 42.1 622 38.2 632 40.4 468 42.9 469 43.2
7 594 37.5 636 41.8 457 40.0 484 41.4 553 41.4 430 37.9
8 571 40.4 639 43.2 548 42.1 518 37.1 417 41.4 501 43.6
9 587*% 41.4 528 317.9 610 41.4 518 41.4 454 41.8 400 43.2
10 650% 43,2 564 43.6 657 41.4 417 39.6 618 42.9 425 37.9
11 613* 41.8 691 40,0 575 43.2 522 43.2 499 41.8 380 42,1
12 601 41.1 586 43.2 660 43.2 522 43.6 426 41.4 464 42.9
13 622 41.4 632 39.6 650 43.2 565 37.5 342 39.6 497 42.9
14 553* 41.4 438 42.5 704 41.8 562 42.9 601 42,1 410 42.9
15 568* 41.8 564 41.4 638 38.6 604 42,1 455 36.8 503 42.1
16 541 41.4 543 43.6 576 41.4 479 43.2 490 43.2 449 42,5
17 553 41.4 533 41.8 610 41.4 579 36,0 397 43.6 454 41.8
18 507 41.4 406 38,2 626 42.9 533 43.2 511 41.8 454 41.8
19 599* 41.4 403 37.9 628 43,2 575 43.2 395 40.0 432 40.0
20 431* 41.8 680 35.0 579 41.8 583 42.9 366 36.0 483 37.9
21 590 41.4 646 42.5 580 40.0 449 43.6 361 42.5 461 41.8
22 533 41.4 618 43.2 571 40.4 464 42.9 507 41.4 533 41.8
23 507* 41.4 668 41.4 594 42.9 634 41.8 427 42.5 458 43.2
24 634 41.4 553 43.6 710 34.3 469 40.0 406 38.2 417 37.9
25 526* 40.7 584 43.6 596 43.2 444 40,0 360 43.9 458 37,9

*Rupture outside nominal gage length.




INDIVIDUAL FIBER STRENGTH DATA,

C-4

TABLE C-IV

X-994, UNCOATED MONOFILAMENT FROM CARDBOARD DRUM

o (ksi); DIAMETER, D (10 in.)

0.25cm 0.5 cm 1.5cm 12 cm

a D a g o D
1 416 41.4 245 421, 245 42. 4 151 42.8
2 496 41.4 363 41.7 324 42,1 259 43.5
3 522 43.5 368 38.5 344 42,1 285 40.3
4 549 43.5 380 38.2 360 42. 4 324 43.5
5 554 41.4 391 39.6 408 40.3 330 43.5
6 566 41.4 446 42.1 408 41.4 367 42.8
7 574 43.5 466 38.5 412 41.7 377 40.3
8 577 41.4 480 42,1 433 43.2 388 42.8
9 589 41.4 483 41.7 440 42.8 418 43.5
10 594 43.2 504 39.6 450 39.9 418 43.5
11 600 41.4 513 42.1 461 39.2 456 42.8
12 605 43.5 520 41.4 471 43.2 4175 42.8
13 616 43.5 530 39.6 476 4.1 480 43.2
14 626 43.5 546 38.5 492 41.4 480 43.5
15 647 41.4 567 38.5 496 43,2 487 40.3
16 647 41.4 580 42.1 515 41.7 499 43.2
17 647 43.5 586 38.5 520 43.2 504 41.7
18 658 41.4 592 38.2 521 41.7 516 42.4
19 668 43.0 597 38.2 539 43.2 552 43.2
2 | 679 43.2 600 42.1 555 41.4 572 40.3

21 i 681 41.4 600 41.4 555 41.5 - -

22 689 43.5 609 42,1 564 43.2 - -

23 700 43.5 620 42.1 576 41.7 - -

24 700 43.5 636 41.7 606 43.2 - -

25 710 43.5 6417 42.1 618 41.4 - -




TABLE C-V

X-984 VIRGIN, (U-FRAMES)

INDIVIDUAL FIBER STRENGTH DATA, o (ksi);
AND DIAMETERS D (10 in.)
Test Test
Length Length
Frame Fiber g D (cm) Frame Fiber Y D (cm)
1 1 492 52.2 v 1 400 46.0
2 496 52.2 2 592 45.4 .
3 538 52.2 3 618 44.3
4 620 52.2 4 599 45.0
7
5 620 52.2 5 599 45.0
6 580 52.2 6 597 45,0 Ls
7 620 52.2 7 600 45.0 *
8 634 52.2 8 599 45.0
1 1 545 | 44.3 v 1 531 43.2
2 640 41.8 . 2 579 42.1 1.5
3 619 | 42.1 3 568 42.1
4 573 43.9
4 574 41.4
5 505 | 41.8 5 574 41.4
6 615 | 42.1 Ls 6 534 4.4 0.5
7 602 43.2 . 7 555 1.4
8 623 42.5 8 - - -
m 1 357 35.7 VI 1 563 41.4
2 624 35.7 Ls 2 578 4.4
3 629 | 35.7 . 3 460 41.4 0.5
4 643 35.7 4 553 41.1
5 554 41,4
5 629 35.7
6 624 | 35.7 . 6 565 41.8
7 629 | 35.7 7 481 41.4 1.5
8 630 35.7 8 575 41.4




C-6

TABLE C-VI1

X-994 HTS, E GLASS HTS, U-FRAMES

INDIVIDUAL FIBER STRENGTH DATA, o (ksi); DIAMETER D (10 ™°in.)

E
o D
1 423 42.1
2 430 41.8
3 435 46,1
4 389 46.1
5 400 45.7
6 449 45.7
7 404 46,1
8 436 45.7
9 272 42.1
10 222 52.1
11 250 53.2
12 164 582.1
13 73 53.8
14 ase 43.2
15 118 42.5
16 311 42.5
17 261 42.1
18 330 44.6
19 276 46.8
20 263 40.4
21 420 50.4
2 280 42,1
23 212 43.6
24 216 39.6
25 322 48.5

Note: Test length 3 cm.

X-994
4 D
1 532 44.3
2 516 43.5 un-
3 608 43.5
un- 4 594 43.5 | [damaged
damaged 5 609 32.5
6 318 32.2
7 185 33.9
8 442 33.9
9 403 36.0 damaged
10 340 36.8
11 440 40.3
Note: "Damage' was caused by loose fibers
on U-Frames touching mounted
fibers* and being removed,
damaged

*(Not necessarily in test length
sections),




TABLE C-vlI
S-994 (JULY 62)
INDIVIDUAL FIBER STRENGTH DATA, o (ksi); DIAMETE

0.025 cm 0.056cm 0.1cm 0.25 cm 0.5cm 0.75¢m :

a D o D o D o D 4 D o D o

1 434 41.0 222 69.9 272 39.9 306 38.5 378 33.9 219 34.2 14
2 453 42.8 293 44.9 295 35.7 341 36.7 388 36.4 241 33.9 21
3 484 41.4 310 35.7 328 40.3 345 42,8 431 38.9 303 34.2 22
4 499 44.9 372 35.7 341 35.7 3717 42,8 435 35.7 341 35.7 22
5 499 44.9 399 38.5 341 35.7 388 42,8 450 35.7 346 41.4 23
6 505 34,2 413 40,3 341 35.7 403 35.7 461 41,4 354 34.2 23
7 528 35.17 426 38.5 345 37.8 422 37.4 461 41,4 387 34.2 23
8 528 35.7 486 40.3 362 44.9 427 41.4 498 43.2 388 42.8 23
9 528 44.9 488 34.2 371 39.9 434 38.2 517 42.8 398 39.2 23
10 539 34.2 497 35.7 379 42,1 443 45,3 544 39.9 404 34.2 23
11 543 35.7 497 35.7 388 35.7 447 33.9 559 38.5 404 34,2 25
12 543 35.7 528 35.7 392 41.4 466 36,7 569 38.2 407 38.2 2§
13 557 42,1 528 35.7 404 41.4 470 317.8 588 41.4 419 35.7 25
14 559 35.7 528 42,8 404 41.4 473 41.4 606 34.2 421 34.2 26
15 5717 41.4 552 39.2 413 33.9 497 37.8 621 35.7 450 35.7 21
16 605 39.6 570 35.3 414 37.8 502 38.2 621 35,17 458 39.9 21
17 609 36.0 590 34.2 439 38.5 512 35.7 625 42.4 464 33.9 2§
18 628 33.2 605 35.7 450 41.4 512 35.7 626 4.2 465 37.4 2€
19 679 32.8 629 39.2 456 37.8 565 41.4 636 35.7 519 38.5 31
20 691 37.8 683 35.7 461 41.4 586 38.5 640 34,2 556 34.2 1
21 700 35.7 691 34.2 472 34.2 634 41.0 644 39.9 559 35.7 N
22 - - 700 35.17 5§46 30.7 636 317.8 662 35.7 - - N
23 - - 730 35.7 587 44.9 640 34.2 662 35.7 - - 3«
24 - - - - 666 31.7 658 41.7 683 35.7 - - !
25 - - - - 674 34.2 700 36.7 714 35.7 - - 3

*In sequence.
**End of strand,




TABLE C-VII

5-994 (JULY 62)

INDIVIDUAL FIBER STRENGTH DATA, o (ksi); DIAMETER, D(lO-5 in,)

0.1cm 0.25¢cm 0.5¢cm 0.75cm 1.5 cm* 1,5 cm** 3 0cm 6.0cm
o D 4 D o D o D 4 (4 D o D o D
272 39.9 306 38.5 378 33.9 219 34,2 149 172 42.8 246 35.7 94 43.2
295 35.7 341 35.17 388 36.4 241 33.4 217 191 40.7 250 33.5 154 41.4
328 40.3 345 42,8 431 38.9 303 34.2 223 202 31.2 278 34.2 205 41.4
341 35.7 377 42.8 435 35.7 341 35.7 226 222 43.2 296 35.7 214 34.2
341 35.7 388 42.8 450 35.7 346 41.4 236 258 42.8 355 35.7 220 39.9
341 35.7 403 35.7 461 41,4 354 34.2 236 269 2.8 374 41.17 228 38.5
345 37.8 422 37.4 461 41.4 387 34.2 236 269 34.2 383 42.8 283 43.2
362 44.9 427 41.4 498 43,2 388 42,8 236 286 34.2 389 38.5 296 43.2
371 39.9 434 38.2 517 42.8 398 39.2 236 318 43.2 396 34.2 2917 34.9
379 42,1 443 45,3 544 39.9 404 34.2 231 333 39.2 396 34.2 299 34.2
388 35.7 447 33.9 559 38.5 404 34.2 252 3317 34.2 406 34.2 304 38.5
392 41.4 466 35.7 569 38.2 407 38.2 258 337 34.2 428 34.2 331 34.2
404 41.4 470 37.8 588 41.4 419 35.7 258 337 34.2 449 44.2 337 41.4
404 41.4 4173 41,4 606 34.2 421 34.2 264 340 41.7 459 42.8 341 44.9
413 33.9 497 37.8 621 35.7 450 35.7 275 341 35,7 459 33.9 343 46.0
414 37.8 502 38.2 621 35.7 458 39.9 277 345 42,1 463 35.3 374 34.2
439 38.5 512 35.7 625 42 .4 464 33.9 286 34.2 348 35.3 490 38.5 394 35.7
450 41.4 512 35,7 626 44.2 465 37.4 286 34,2 359 38.5 499 38.5 396 36.0
456 37.8 565 41,4 636 35.7 519 38,5 312 34.6 360 43.2 503 34.2 406 36.0
461 41.4 586 38.5 640 34.2 556 34.2 329 42,4 365 39.6 513 34.9 417 34.2
472 34,2 634 41,0 644 39.9 559 35.7 337 3.2 370 34.2 524 34.2 434 35.7
546 30.7 636 37.8 652 35.7 - - 337 32.2 372 35.7 535 34.2 438 34.2
587 44,9 640 34,2 652 35.7 - - 340 38.9 372 35.7 535 34.2 438 34.2
666 31.7 658 41.7 683 35.7 - - 357 35.7 373 37.8 535 34.2 449 34.2
674 34,2 700 35.7 714 35.7 - - 378 33.9 438 34.2 535 34.2 464 32.4




TABLE C-VIII,

S5-994 (JULY 1962) LONG FIBER STRENGTH SURVEY.

(Tested at 16 Locations, Constant Test Length, 0.5 cm)

Fiber Number 1 2 3 4 5 6 7 8 9 10
Diameter x 1072 fnch 34.5 34.5 36 36 36 36t043 39 39 39 39 Average Standard Coefficient
Strength  Deviation of
Test Location [ kst (ks1) (ksi) Variation (%)
1 507 337 233 482 573 518 538 390 186 452 422 125 30
2 642 507 630 513 492 434 558 598 505 Lost 542 66 12
3 675 642 528 544 540 617 598 425 557 398 552 84 15
4 557 573 467 425 354 1701 619 1730 333 452 521 130 25
5 423 557 575 6528 709 Losat 752 452 570 214 531 150 28
6 625 575 482 373 624 Lont 532 465 390 530 511 86 17
1 642 315 560 497 591 703 400 505 570 530 531 107 20
8 709 523 452 Lost 675 556 558 502 402 605 554 93 17
9 557 540 544 467 591 682 359 612 525 690 557 93 17
10 709 624 542 482 492 542 571 456 453 640 551 81 15
1 685 405 591 389 775 435 479 531 639 542 547 120 22
12 507 492 560 575 685 636 598 527 492 234 531 116 22
13 608 557 560 497 642 404 Lost 650 645 552 568 76 13
14 642 591 435 590 715 630 Lost 531 645 502 593 92 18
15 Lost 507 435 592 790 288 Lost 425 167 568 467 170 37
16 337 540 645 560 636 285 Lost 318 570 386 475 135 28
Average Strength (kai) 588 518 516 501 619 5§31 547 507 478 486 528
Standard Deviation (ksi) 104 90 96 66 110 138 98 100 144 130 41
Coefficient of Variation (%) 17.7 17,4 18,6 13,1 18 26 18 19.8 30.2 28.8 8

C-8




TABLE C-IX
§-994 (9/19/62)
INDIVIDUAL FIBER STRENGTH DATA. o (ksi);

DIAMETER, D (1079 in.)

0.025 cm2 0.025 cm 0.05¢cm 0.1 em 0.25 cm 0.5cm 0.75 cm
g D o D o D o D o D o D (4 D
1 379 42,1 440 44.9 414 38.9 311 35.7 285 38,2 235 39.9 200 38.!
2 466 35.7 466 35.7 446 39.9 426 36.0 378 39.6 357 42,1 218 35,°
3 499 40.3 502 38.2 472 36.0 487 36.0 388 35.7 454 39.6 280 38,!
4 559 35.7 513 35.7 497 35.7 493 36.4 409 39.9 466 35.7 290 39.1
5 559 35.7 514 32,8 528 35.7 513 35,17 435 35.7 466 35.7 318 37.1
6 559 35.7 544 35.7 531 43.2 519 38.5 473 41.4 474 37.1 318 37.1
7 575 35.7 550 37.4 552 39.2 533 39.9 482 35.7 482 35.7 326 35."'
8 5801 39,6 560 40.3 559 35.17 543 38.2 488 37.1 487 40.3 328 39,1
9 5871 44,9 572 40.3 559 38.5 559 35.7 492 39.6 499 40.3 373 35."
10 588 45.3 575 35.7 572 42,8 559 38.5 498 37.8 519 38.5 373 38.,:
11 591 42,1 577 41.4 577 41,4 567 37.8 508 41.4 521 37.4 389 40,
12 597 44,6 611 33.2 580 39.6 579 36.0 523 34.2 523 36.4 400 38.!
13 605l 39.6 621 35.7 590 34.2 581 37.8 546 38.5 523 40.3 404 32.1
14 6071 44.9 621 35.17 590 35.7 582 36.4 555 39.6 523 40.3 404 35."
15 6071 44.9 625 46.7 593 39.6 589 37.1 567 39.6 542 39.6 424 42,
16 6171 4.9 647 33.2 597 36.4 594 36,0 575 35.7 581 37.8 449 43,!
17 625l 42.1 657 40.3 599 38.5 597 36.4 586 38.5 584 40,3 450 40,;
18 6431 39.6 664 37.8 606 35.7 609 30.7 599 38.5 590 35.7 453 38.!
19 643l 46.4 668 35.7 613 38.5 645 40,3 600 41.4 607 44.9 478 36.:
20 6461 44.9 669 42.1 613 38.5 657 40.3 600 36.7 615 42,8 504 39.1
21 6651 44.9 693 41.4 656 39.6 662 37.4 606 35.7 621 35.7 517 317.:
22 670 41.4 706 38.5 670 41.4 666 38.5 607 34.2 637 35.7 531 37.:
23 6841 35.7 730 35.7 681 39.9 668 35.7 618 39.6 639 38.5 538 36.
24 700 43.2 - -- 691 37.8 675 32,4 636 7.8 681 39.9 559 38.!
25 705 44,9 - -— 693 38.9 700 35.7 691 37.8 691 37.8 580 39.1
1 Group A

2 Different Section of Strand




TABLE C-IX

S-994 (9/19/62)

INDIVIDUAL FIBER STRENGTH DATA. o (ksi);

DIAMETER, D (1072 in.)

5cm 0.1cm 0.25 cm 0.5cm 0,75 cm 1 0cm 1.5 cm 3 cm 6 cm
D o D o D o b o D o D o D o D o D
38.9 311 35.7 285 38.2 235 39.9 200 38.5 263 7.8 196 41. 4 128 39.2 138 37.8
39.9 426 36.0 378 39.6 357 42.1 218 35.7 266 38.5 249 35 7 202 35.7 186 35.7
36.0 487 36.0 388 35.7 454 39.6 280 38.5 293 38.5 264 35.7 216 42.8 200 38.5
35.7 493 36, 4 409 39.9 466 35.7 290 39.6 311 35.7 280 38.5 240 38.5 277 37.8
35.7 513 35.7 435 35.7 466 35.7 318 37.8 342 35.7 290 37.8 277 37.8 293 38.5
43.2 519 38.5 473 41.4 474 37.1 3.8 37.8 367 42.8 295 35.7 277 39.6 311 35.7
39.2 533 39.9 482 35.7 482 35.7 326 35.7 373 35.7 295 35.7 346 37.8 337 34.2
35.7 543 38.2 488 7.1 487 40.3 328 34. 6 388 35,7 357 35.7 369 47.4 340 38.9
38.5 5353 35.7 492 39.6 499 40 3 373 35.7 401 37.8 401 37 8 373 35.7 342 35.7
42,8 559 38.5 498 37.8 519 38 5 373 35,5 446 39.9 413 38.5 387 37.8 346 37.8
41,4 567 37 8 508 41.4 521 37.4 389 40.3 456 37.8 467 39.6 404 35.7 346 38.5
39.6 379 36.0 323 34.2 523 36.4 400 38.5 462 39,2 482 35.7 413 38.5 373 35.7
34.2 581 37.8 546 38.5 523 40.3 404 32.8 467 43.2 482 35.7 429 37.8 373 36.4
35.7 582 36.4 555 39.6 523 40.3 404 35.7 475 40.3 497 35.7 442 37.8 386 38.5
39.6 589 37.1 567 39.6 542 39.6 424 42.1 496 41.4 508 36. 4 442 37.8 404 35.7
36.4 594 36.0 575 35.7 581 37.8 449 43.5 511 40.3 517 39.6 454 39.6 405 34.2
38.5 597 36.4 586 38.5 584 40,3 450 40,3 513 35.7 539 37.8 466 38.5 415 37.8
35.7 609 30.7 599 38.5 590 35.7 453 38.5 533 38.5 559 35.7 479 39.6 416 39.6
38.5 645 40.3 600 41.4 607 44.9 478 36.4 539 37.8 567 37.8 493 38.5 434 38.2
38.5 657 40.3 600 36.7 615 42,8 504 39.6 549 38.9 575 35.7 528 35.7 438 34.2
39.6 662 37.4 606 35.7 621 35.7 517 37.1 5€8 44,9 580 39.6 528 35,7 442 37.8
41.4 666 38.5 607 34.2 637 35.7 531 37.1 591 42,1 594 36.0 554 41. 4 453 38.5
39.9 668 35.7 618 39.6 639 38.5 538 36.4 637 35.7 606 35.7 584 43.2 466 35.7
37.8 675 32.4 636 37.8 681 39.9 559 38.5 668 39.2 621 35.7 590 35.7 466 35.7
38.9 700 35.7 691 37.8 691 37.8 580 39.6 668 39.2 666 38.5 590 35,7 512 35.7




prp— 1

S-994 (9/19/62), UNDULATED AND STRAIGHT SECTION

TABLE C-X

INDIVIDUAL FIBER STRENGTH DATA,  (ksi);
AND DIAMETER D (10-5 in.) TEST LENGTH 0.5 cm

Undulated
g D

1 575 34.3

2 568 55.7

3 459 55.7

4 592 40.0

5 494 40.0

6 682 39.3

7 637 38.6

8 625 37.9

9 590 35.7
10 609 34.3
11 417 37.9
12 644 33.2
13 608 30.7
14 507 34.3
15 507 34.3
16 590 34.3
17 622 35,7
18 622 35.7
19 590 35.7
20 622 35.7
21 464 33.2
22 420 30.7
23 424 39.3
24 308 40.0
25 3178 38.2
26 636 37.9
27 412 38.6
28 536 37.9
29 603 39.3
30 616 38.3
31 545 35.7
32 652 37.9
33 473 41.4
4 305 38.6
35 449 40.4
36 543 43.2
317 201 34.3
38 518 38.6
39 545 38.6
40 567 40.0
41 522 40.4
42 570 46,1
43 471 59.5
44 419 67.6
45 473 34.3
46 535 40.4
47 522 40.4
48 6717 38.6
49 449 40.4
50 6527 39.3

Straight
o D

1 438 38.6

2 455 42,1

3 554 33.2

4 585 38.6

5 524 34.3

6 340 40.4

7 596 43.2

8 464 38.6

9 568 38.2
10 544 38.6
11 482 35.7
12 584 38.6
13 518 40.0
14 359 38.6
15 466 36.7
16 553 36.4
17 436 35,7
18 479 38.6
19 604 42,1
20 212 36.4
21 443 39.6
22 473 34.3
23 479 38.6
24 538 36.4
25 438 38.6
26 421 40.0
27 500 50,7
28 604 42,1
29 490 43.6
30 524 36.4
31 538 36.4
32 456 31.0
33 532 38.6
34 450 41.4
36 522 47.9
36 3562 45.0
37 477 31.0
38 607 45.0
39 476 42,9
40 560 35.7
41 592 34.3
42 449 36.4
43 552 35.0
44 512 32,9
45 482 36,7
46 426 36.8
47 467 35.7
48 491 34.3
49 6582 33.9
50 405 385.7
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TABLE C-XI

MAXIMUM AND MINIMUM FIBER STRENGTH (ksi) OF E AND 994 GLASS AT DIFFE

MAXIMUM
— X-994
(July 1962)
X-994 Long
L E F X-994 X-994 X-994 Virgin $-994 Fiber 8
{cm) Series 1 Series 11 Series I Series I Monofil (U-Frames) (July 1962) Survey 8/
0.025 699 (21) 708
730
0.05 680 (25) 730 (23) 692
0.1 891 (2%) 674 (25) 69¢
0.25 710 (25 710 (25) 699 (25) 691
0.5 N 647 (25) 578 (9) 714 (29) 790 (150) 691
9.75 676 (50) 644 (25) 618 (25) 559 (21) 58(
1.0 66¢
1.5 456 (14:'))1 479 (19 673 (50) 618 (25) 618 (25 643 (18) 3718 (29) 68¢
438 (25)
3 379 (50) 671 (50) 533 (25) 535 (25) 59¢
6 344 (25) 355 (19 580 (50) 640 (20) 464 (25 51
12 327 (83 538 (43) 572  (20)
24 287 (25) 346 (19 514  (50)
525 (25)
3o 197 (*5)
MINIMUM
0 025 434 (21) 37
44
0.05 507 (12) 222 23 41
0.1 403 (25 272 (25) 3
0.25 431 (25) 416  (25) 306 (25) 28
0.5 245 (25) 460 (9) 373 (25 167  (150) 23
0.75 182 (50 371 (25 215 (21) 20
10 24
1.5 197 (25)1 175 (79 221 (50 342 (29 245 (25) 357 (19) 149 (29§ 19
172 (25)
3 204 (50) 118 (50) 380 (25) 246 (25) 12
6 224 (25 105 (19) 126 (50) 400 (20) 94 (29) 13
12 145 (83) 141 (49) 151 (20)
24 126 (25 108 (79) 123 (50)
110 (25
30 119 (25
1Sample Probability o Failure
Size Max. Min.
(25) 98% 2%
(50 29% 1%
(80) 99.4% 0, 6%
(150) 29.7% 0.3%



TABLE C-Xl

XIMUM AND MINIMUM FIBER STRENGTH (ksi) OF E AND 994 GLASS AT DIFFERENT TEST LENGTHS

MAXIMUM
X -994 S-984 E and X -994 _'j
{July 1962) (9/19/62) HTS (U-Frames)
X-994 Long Undulated Undamaged
1 E X-994 X-994 X-994 virgin S-994 Fiber S-994 and and Damaged
o8 | Series 11 Series 1 Series II Monofl! (U-Frames) (July 1962) Survey (9/19/62) Straight E X-994
699 (21) 705 (29)
730 (23)
680 (25) 730 (23) 693 (25)
691 (25) 674 (29) 699 (25)
710 (25) 710 (25 699 (25) 691 (25)
647 (25) 578 (9 14 (25 780 (150) 691 (25) 682 (50) |
607  (50) !
676 (50) 644 (25) 618 (25) 559 (21) 580 (25)
668 (23)
29" 479 (79 673 (50) 618 (25) 618 (25 643 (18) 378 (25) 688  (25)
438 (25)
379 (50) 671 (50) 533 (25) 535 (25 590 (25) 44y (8) 609 (5)
~ 420 (37 442 (6)
{25} 355 (19 580 (50) 640  (20) 464 (25 512 (25)
327 (83 538 (43 572 (20)
(25) 346 (79) 514 (50)
525 (23)
197 25 l
|
MINIMUM
434 (21 379 (25)
440 (23)
507  (12) 222 (23) 418 (25)
403 (25 272 (25) 311 (25
431 (295 416 (2% 306 (25) 285 (29%)
245 (25 460 () 378 (25) 167 (150) 235 (25 201 (50)
212 (50)
182 (50) 3L {25) 219 (21 200 (29
263 (25)
5! 175 (79 221 (50) 342 (25) 245  (25) 357 (18) 149 (25 196 (25)
1712 (25
204 (50) 119 (50) 380 (25) 246 (25) 128 (25) 389 (8) 516 (5)
18 (7 185 (6)
(25) 105 (79) 126 (50) 400 (20) 94 (25 138 (25)
145 (83) 141 (43) 151 (20)
{25) 108 (79) 123 (50)
110 (29 .
119 (25

Probability of Fallure
Max. Min,

98%
99%
99. 4%
99.7%

2%
1%
0.6%
0.3%
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APPENDIX D
ABSTRACT OF THEORETICAL ANALYSIS OF BI-MODAL FAILURE
Figure

D-1 Shape of F ( o, p)
D-2 Fermi Function, ¢



A theoretical analysis of the bimodal failure distribution has been undertaken,
Since one mode of failure (for long fiber lengths) follows a linear relationship when
plotted on log-log paper, an attempt has been made to plot the other mode in the
same coordinate system. Steps taken along this line indicate a probability of fail-
ure which is related to the Fermi function. This may give some insight into the
physical nature of the flaws. Since much is known about the behavior of the Fermi
function, and since its use, in general, deals with minute contamination problems
in high purity mate.ials, perhaps it will prove useful in future preparation of fibers.
Although the foregoing statement is highly speculative, it seems remarkable that
Fermi-Dirac statistics should apply to glass fibers.

Since the publication of Progress Report 5, some effort has been made to
evaluate the integral of equation 23:

A -l O/K/\ n fa -n
F(o,p)=n, J nalpa(l-p 8 dny
' 2
. (Ry ~ng) Ing ! @3)

Several approximations have been attempted to reduce the integral to a closed form
which have included Sterling's approximation and others, To date, none have been
successful.

A trigonometic transformation has been performed on the integral, the re~
sult being

cos™1 (ol ‘20)

o1
2/\ A
F(o,p)= :3 . exp g

cos? ¢ log (‘2%5—2579;) +8in2 ¢ log (:—:ﬁ;—% )] d¢ (24)

where p = sin2 6 . By inspection it can be seen that computer limitations forbid
a numerical solution directly. The original summation would be of this order of
difficulty. It is implicit in the assumption that the summation will include numbers
varying over an extreme range in magnitude.



F(o, D)

$-0

FIGURE D -1, SHAPE OF F(o, p)

FIGURE D - 2. FERMI FUNCTION, 3°



Looking again at the trigonometric transformation one can see that for
¢ = 9 the integrand goes to 1. Due to %a being larger, it {8 obvious that the
intergrand falls off to zero on both sides very rapidly, (i.e., for small changes in
@ (or o ). Thus, upon integrating, the shape of the function is reminiscent of
the Fermi distribution function, the distinction being shown graphically in Figures
1and 2. Insome form, then F ( o, p) should look like 1 - % where ¥ is
the Fermi function. Generally the Fermi function is expressed as

1
¥ = 1 +exp (W - Eyg)
kT

where W is the energy, Es is the Fermi lend, T is the absolute temperature, and
k is Boltzmann's constant. Fitting F ( ¢, p) with the appropriate parameters
should lead 10 the desired result. Presently steps are being taken along this line.

1t might be noticed that F ( ¢, p) is a probability of failure. This is the
reason for the 1 - % comparison.
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